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REMARKS 

Claims 1 and 18, the only independent claims, have been amended further to clarify that the 
nanoparticles used in the claimed methods are liquid and only liquid at all times during the claimed 
method. Applicants have made good faith efforts to propose claim language acceptable to the 
Office to establish what applicants have been trying to make clear during the prosecution - that the -> 
claims are directed to particles that are substantially free of any gas. This is done in order to 
distinguish the claimed methods from those involving compositions that depend for their efficacy on 
the presence of gas bubbles. Applicants cannot emphasize too strongly that the compositions useful 
in the claimed methods involve nanoparticles which do not contain any significant amount of gas. 
Applicants are at a loss to understand why a claim which consistently specifies "liquid 
nanoparticles" would be interpreted in any different way. 

The amendment is submitted after final is thus simply for clarification. It does not constitute 
new matter or raise new issues because it does not change the intended scope of the claim at all. 
Entry of the amendment is thus respectfully requested. 

Liquid Nanoparticles vs. Gas Microbubbles 

The difference between the claimed liquid nanoparticles and gas microbubbles, such as those 
of the cited patent, are made evident in the results set forth in the enclosed manuscript, which 
includes the present inventors among the authors. The difference in behavior of these compositions 
is most apparent in Figure 4 which shows a comparison of the attenuation coefficient of Optison 
(a microbubble-containing composition of gaseous fluorocarbon) as compared to the nanoparticle 
emulsions of the present application. As shown, the attenuation coefficient of liquid nanoparticles 
is essentially independent of temperature and emulsion pressure and changes only slowly and in a 
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predictable manner as a function of ultrasound frequency. The Optison® composition, on the other 
hand, shows dramatic differences as pressure is varied and dramatic differences as a function of 
frequency. The more consistent behavior of the claimed nanoparticle compositions is very 
advantageous in imaging studies, for example. Because of these consistent properties, the 
background generated by particles remaining in the bloodstream is less and clearly differentiated 
from the signal generated from the emulsion which is bound to a targeted tissue. This results in 
clearer images. 

The Rejection Under 35 U.S.C. § 102(e) 

All claims except claims 21, 73 and 75 were rejected as assertedly anticipated by 0stenson, 
U.S. patent 6,375,931. 

First, the Office asserts that performing ultrasound imaging procedures would inherently 
raise the local temperature citing 0stenson at column 5, lines 5-46. Respectfully, there is no 
disclosure in the cited passage that has anything to do with either temperature or ultrasound. 
Lines 6-27 simply discuss the nature of possible phospholipids in the 0stenson composition and 
lines 28-46 describe alternative encapsulation materials. Nothing is said about temperature or 
ultrasound. Thus, there is no basis for the conclusion drawn by the Office that ultrasound imaging 
begins at a lower temperature and ends at a higher temperature. 

On this basis alone, the rejection may be withdrawn. 

The Office next states that the nanoparticles of Ostenson at the site "comprise" a liquid 
perfluorocarbon. That may be true; however, they are not "liquid nanoparticles." They must 
contain gas bubbles. 
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It may be useful to review what 0stenson actually describes. This is summarized in 

column 2, beginning at line 50, which states that one aspect of the disclosure involves 

[A]n injectable aqueous medium having gas dispersed therein in 
combination with a composition comprising a diffusible component 
capable of diffusion in vivo into said dispersed gas so as at least 
transiently to increase the size thereof, (emphasis added) 

What could be clearer? There must be a dispersed gas in the composition. The diffusible 
component will go into the gas bubble and enlarge it, so the gas bubble is still there, and there are 
no liquid nanoparticles. 

The further aspect of Ostenson's disclosure, beginning at line 50, refers to injecting an 
aqueous medium having a gas dispersed therein and then injecting a composition comprising a 
diffusible component capable of diffusion in vivo into said dispersed gas so as to increase the size 
thereof. There are no further aspects discussed. 

Further, in column 4, beginning at line 44, the patent discusses the size of the gas bubbles. 
They are not even nanoparticles - they are micron-size particles of 10 |a - e.g., 7 ji or less. The 
particles of the present invention are nanoparticles and thus, therefor, must be substantially less than 
1 |a in size. A 1 diameter is cited as an absolute lower limit by 0stenson in column 4, at line 66. 

Thus, so far, it should be clear that 0stenson does not disclose a rise in temperature during 
ultrasound application (at least at the location pointed to by the Office), does not disclose 
nanoparticles, and discloses only gas bubbles, not liquid particles. 

Continuing with the points made by the Office, the examples of column 44 are clearly 
directed to gas dispersions; every single example requires this in the title. The emulsions, which 
may or may not contain gas, are those of the diffusible component referred to in the passages in 
column 2, beginning at line 50, which expand the size of the gas bubbles. Thus, it is clear that at 
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least when the imaging occurs (if not before) there are no liquid nanoparticles, and none that 
provide any image. 

The Office further states that the instant claims do not exclude formation of gaseous 
moieties after raising the temperatures locally. The claims as worded prior to the present proposed 
amendment did indeed exclude this by indicating that the particles are liquid in all of the relevant 
steps. The proposed amendment simply removes any doubt that could possibly have arisen. 

Next, the Office indicates that emulsions such as those of perfluorooctane are described as 
useful by Ostenson, at column 8, lines 1-60. The description in that location is not of the particles 
that provide the image, but rather the substances that are the diffusible components that will diffuse 
into and enlarge the size of the gas bubbles. They are not the imaging particles themselves, and are 
not in the form of particles. They are simply emulsions. 

The Office goes on to state that Ostenson teaches droplets smaller than 10 ja and cites 
page 21, lines 7-10 of the present specification to show that the claims include particles of this size. 
However, the claims are limited to nanoparticles which by definition must be less than ljx. It is the 
language of the claims that should be determinative, not unclaimed subject matter described in 
portions of the specification. 

The Office goes on to state that Ostenson described preparation of 
perfluorodecalin:perfluorobutane emulsions which are said not to be gaseous dispersions. This may 
or may not be the case; however, it is clear from column 2, beginning at line 50, that the methods 
(i.e., any imaging using ultrasound) is carried out not with this emulsion alone, which is 
characterized as the "emulsion of diffusible component," but with a microbubble composition. 

The Office then states that column 3, lines 9-20, verify that the compositions of Ostenson 
may be only partially of gas, liquid or gaseous precursors. Applicants find no such teaching at the 
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indicated section. Lines 50-65 are cited for their disclosure of perfluoropentane and 
perfluorohexane which are said not to be gases at room temperature. Even if not, the claims require 
that the nanoparticles in the methods of the present invention be liquid during the ultrasound 
imaging, which the compositions of 0stenson clearly are not. 

Applicants cannot resist replying to the response to their assertion that perfluorobutane in the 
form of microbubbles at 9°C is not probative of the statement that perfluorobutane is not a liquid at 
room temperature. Applicants are unaware of instances where gas is re-condensed to a liquid at 
higher temperatures under ambient pressure conditions. 

The Office continues to state that Ostenson's microbubbles are not free of liquid - there is 
no quarrel with this; the diffusion agent may be a liquid, but the gas bubble must be there and the 
diffusion agent contained within it when imaging is done. Examples 5 and 10 of 0stenson are cited, 
but they clearly, by their own titles, describe imaging with a gas dispersion. The compositions in 
applicants' methods do not contain gas during imaging. The distinction between the invention 
method and that of 0stenson is pointed out by the Office itself by stating that the rise of resonance 
intensity is attributed to the increase in microbubble size. (Examples 5 and 10 say nothing about 
temperature, much less a 5°C change.) 

Applicants are unclear as to the relevance of the statement that Ostenson does not say that 
after a rise of at least 5°C the microbubble is filled with gas, but that the conversion of at least a 
portion of the perfluorocarbon gaseous precursors to gas is implicit. In the present claims, there is 
no gas at all; the nanoparticles are liquid. 

Finally, the quoted section at column 35, line 10, describes exactly what the Office appears 
to refuse to see - that the compositions of Ostenson mandatorily contain microbubbles of gas, not 
nanoparticles consisting of liquid. 
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Thus, in summary, 0stenson fails to anticipate claims 1 and 18, and their dependent claims 
and indeed teaches away from them because 

1 . 0stenson does not teach nanoparticles (only microbubbles). 

2. 0stenson does not teach particles that are used for imaging that are liquid when they 
are administered, liquid when they are used to obtain an image, and liquid after the temperature is 
raised. 0stenson teaches only compositions which must contain gas bubbles when the imaging is 
done. 

3. Any enhancement of the image described by 0stenson is due specifically to the 
gaseous nature of the bubbles which are expanded. This phenomenon cannot possibly explain the 
enhancement due to temperature when liquid nanoparticles are used. 

For these reasons, the rejection may be withdrawn. 

The Rejection Under 35 U.S.C. § 103 

All claims were rejected as obvious over 0stenson. This basis for rejection is traversed for 
the reasons set forth above. Applicants do not understand how they can state any more clearly that 
their particles are liquid at all times during the methods claimed. 0stenson absolutely requires the 
presence of microbubbles of gas. There is nothing in 0stenson to suggest the use, in any procedure, 
of liquid nanoparticles for imaging, much less to suggest that such liquid particles would provide 
enhanced images upon a rise in temperature. 
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CONCLUSION 



The methods of the invention and the disclosure of 0stenson could not be more different. 
As repeatedly stated, the claimed methods require that the imaging agent be liquid nanop articles 
bound to the tissue to be imaged, where the particles remain liquid and do not contain gas during 
any of the steps of the method. 0stenson suggests compositions for imaging which require the 
presence of microbubbles of gas and the efficacy of the compositions described in 0stenson are said 
to be due to their gaseous, microbubble nature. How these two are related demands a reading of the 
present claims that is neither intended nor a legitimate interpretation thereof. Therefore, applicants 
respectfully request that the rejections be withdrawn and that claims 1, 3, 7-8, 13, 17-18, 21, 25-26, 
31,35 and 68-77 be passed to issue forthwith. 

In the unlikely event that the transmittal letter is separated from this document and the Patent 
Office determines that an extension and/or other relief is required, applicants petition for any 
required relief including extensions of time and authorize the Assistant Commissioner to charge the 
cost of such petitions and/or other fees due in connection with the filing of this document to Deposit 
Account No. 03-1952 referencing docket No. 532512000500 . 



Respectfully submitted, 



Dated: 



January 21, 2005 




Kate H. Murashige 
Registration No. 29,959 



Morrison & Foersterixp 



381 1 Valley Centre Drive, Suite 500 
San Diego, California 92130-2332 
Telephone: (858) 720-5112 
Facsimile: (858)720-5125 
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Abstract 

The ability to enhance specific molecular markers of pathology with ultrasound has been 

previously demonstrated by our group employing a nanoparticle contrast agent [1, 2]. 

One of the advantages of this agent is very low echogenicity in the blood pool that allows 

increased contrast between the blood pool and the bound, site-targeted agent We 

measured acoustic backscatter and attenuation coefficient as a function of the contrast 

agent concentration, ambient pressure, peak acoustic pressure, and as an effect of duty 

cycle and waveform shape. Measurements were performed while the nanoparticles were 

suspended in either whole porcine blood or plasma. The nanoparticles were only 

detectable when insonified within plasma devoid of red blood cells and were shown to 

* 

exhibit backscatter levels more than 30dB below the scatter from backscatter from whole 
blood. Attenuation of nanoparticles in whole porcine blood was not measurably different 
from that of whole blood alone over a range of concentrations up to 8 times the maximum 
in vivo dose. The resulting data provide upper bounds on blood pool attenuation 
coefficient and backscatter and will be needed to more precisely define levels of 
molecular contrast enhancement that may be obtained in vivo. 

PACS numbers: 43.35.Bf 43.80.Qf 
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I. Introduction 

Molecular imaging promises to extend diagnostic imaging from identification of 
functional and morphological changes associated with pathology to the direct 
visualization of the biochemical disease process. To accomplish this goal, molecular 
imaging employs the use of specially designed contrast agents. These agents are 
formulated to provide contrast in the imaging modality by specifically binding to proteins 
expressed in the diseased tissue. By targeting specific markers of pathology, a physician 
may diagnose disease in its early phases and design a concomitant treatment. 

In the field of ultrasonic site-targeted contrast imaging, there exist several likely 
candidates for contrast particles[3-6]. In particular, two distinct types of particles have 
been explored extensively in the last decade: microbubbles and liquid nanoparticles. 
Despite their different physical mechanisms of ultrasonic enhancement, they both share 
some of the same challenges in becoming viable and useful targeted contrast agents. 
Common properties of a successful contrast agent include longevity within the blood 
stream, low toxicity, high signal to background enhancement, and high specificity for the 
targeted disease process. In some applications, such as detection of tumor angiogenesis, 
ability to easily penetrate neovasculature is also a desirable property. Nanoparticles may 
enjoy a slight advantage is this application due to their smaller size. The size of the 
particle is also closely linked with the longevity in the blood pool before being filtered by 
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the liver or other clearance organs, and therefore the smaller agents have increased 
likelihood of binding to the target. 

High signal to background enhancement requires the ability to detect the presence of 
contrast when bound to the target and to differentiate it from surrounding unbound, 
circulating contrast agent. The current study examines the capability to differentiate 
liquid, perfluorocarbon nanoparticle contrast agents when bound from unbound. Previous 
studies from our laboratory have shown that these nanoparticles can be targeted to tissue 
factor expressed in injured carotid arteries, fibrin strands within non-echogenic plasma 
clots, and a v p3 integrin expression in neovasculature surrounding a growing tumor[4, 7- 
9]. One of the striking features of this agent is that at typical in vivo concentrations, the 
nanoparticles are not detectable in the blood stream with clinical ultrasound imagers, but 
only acoustically enhance a targeted substrate when they accumulate in sufficient 
quantity. 

The rationale for this study derives from the need to differentiate the physical 
behavior of these liquid perfluorocarbon nanoparticles from that of the commonly used 
gaseous microparticles that afe comprised of a much lower boiling point perfluorocarbon 
[6, 10]. In addition, similar agents have been posited to be a candidate for targeting in the 
liquid phase, and then converted to the gas phase with energy deposited by high intensity 
ultrasound for imaging purposes. 
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Accordingly, the primary goal of this study was to perform high-precision in vitro 
measurements of these parameters to determine the ultrasonic backscatter from 
nanoparticles in suspension at concentrations that occur in vivo. By characterizing the 
agents' backscatter relative to that from blood, future in vivo studies can be assured that 
any increase in backscatter associated with targeted tissue that occurs after delivery of the 
contrast agent is due solely to bound contrast. 

A secondary goal of this study was to evaluate the stability of the nanoparticle 
emulsion in high intensity ultrasonic fields. This was accomplished by demonstrating 
that the primary mode of backscatter from the liquid nanoparticles was due to simple 
linear backscatter from a liquid sphere and not from m6re esoteric processes such as 
phase conversion of the perfluorocarbori liquid inside the nanoparticles. 

II. Methods 

A. Formulations and experimental conditions investigated 

The nanoparticles used in our study are spherical as shown in Figure 1. They contain 
a perfluorocarbon core (perfluorooctyl bromide (PFOB) is shown in the figure although 
other perfluorocarbons (PFCs) having relatively high boiling points have also been 
investigated) stabilized by a lipid monolayer. This is a well-known structure for 
perfluorocarbon-lipid emulsions.[l 1, 12](Figure 1 and 3a of reference [11] and Figure 
23.17 and 23.18a of reference [12]). 
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Two different formulations of emulsion were used in our investigations. The 
emulsion was produced by incorporating biotinylated phosphatidylethanolamine into the 
emulsion's outer lipid monolayer. Briefly, the emulsion comprised perfluorocarbon ( 
(PFOB): boiling point of 142° C, either 40% vol/vol or 20%vol/vol), safflower oil 
(2.0%, wt/vol), a surfactant comixture (2.0%, wt/vol), and glycerin (1.7%, wt/vol). The 
surfactant comixture included 70 mol% lecithin (Pharmacia Inc), 28 mol% cholesterol 
(Sigma Chemical Co.), and 2 mol% N-(6-(biotinoyl)amino)hexanoyl)-dipalmitoyl-L- 
alpha- phosphatidylethanolamine (Pierce), which were dissolved in chloroform, 
evaporated under reduced pressure, dried in a vacuum oven overnight at 50 °C, and 
dispersed into water by sonication. The suspension was transferred into a blender cup 
(Dynamics Corp of America) with perfluorocarbon, safflower oil, and distilled, 
deionized water and emulsified for 30 to 60 seconds. The emulsified mixture was 
transferred to an emulsifier (Microfluidics SI 10) and continuously processed at 20,000 
psi for 3 minutes. The completed emulsion was placed in stoppered, crimp sealed vials 
and blanketed with nitrogen until use. Particle sizes were determined in triplicate at 37 
°C with a laser-light-scatter, submicron-particle-size analyzer (Zetasizer 4, Malvern 
Instruments Inc., Southborough, MA). Particle size was measured at 200±30 and 250 
±30nm, respectively. 

The attenuation coefficient and backscatter of the agent were measured in either: 1) 
whole porcine blood (hct 40%); 2) porcine plasma maintained at 37° C; or 3) in saline 
maintained at 27, 37, or 47° C, which were chosen to span the possible range of 
temperatures used in either hyper- or hypothermia. (Saline was degassed prior to use by 
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heating it to 47° C for at least one hour prior to use.) In addition, for the saline-based 
measurements, ambient pressures were varied from -50 to +200 mm Hg in 50 mm Hg 
steps. 

For purposes of comparison we also measured the attenuation of the microbubble- 
based agent Optison as part of our investigation. Since the behavior of this agent is well 
known, these measurements provide validation of our material handling and data analysis 
techniques as well as the acoustic hardware component of our apparatus[13-15]. 

Specimens were insonified using either a broadband high power PZT single element 
transducer (5 MHz, 2.54 cm diameter, 5.08 cm focal length), or a lower power PVDF 
single element transducer (1.02 cm diameter, 7.08 cm focal length) optimized to provide 
broadband measurements[ 15] (Figure 4). Together, these enabled measurements to be 
made using acoustic pulses with usable bandwidth of 1.5 to 10 MHz, a repetition rate of 
1kHz, and peak negative pressures of 0.8, 1 .5, 2.7, and 3.9MPa (equivalent to M.I. of: 
0.36, 0.67, 1.2, and 1.7) to measure attenuation coefficient and backscatter of 
nanoparticles at concentrations ranging from 0.16 to 2.5x1 0 12 particles/mL while 
suspended in either whole porcine blood or porcine plasma, or saline. 

B. Broadband attenuation measurements 

Several different electronic pulser/receiver systems were used to acquire the data 
described in this paper. The first system was a through-transmission system optimized to 
produce the broadest possible bandwidth measurement of attenuation using single- 
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element PVDF transducers. The benefits of using broadband single transducer system 
have been elucidated in previous studies [13]. Two different electronic setups were used 
to drive the transducer and are shown in Figure 2. 

In the first setup the PVDF transducer was excited using a DC voltage step. The 
pulser system was composed of a function generator (model 81 16 A, Hewlett Packard, 
Palo Alto, CA), a high voltage power supply (model PS3 10, Stanford Research Systems, 
Inc., Sunnyvale, CA), and a power MOSFET switch (model GRX-1.5K-E, Directed 
Energy, Inc., Ft. Collins, CO). This system produced square pulse trains whose duty 
cycle and amplitude could be precisely controlled. For the measurements described in 
Figures 4 and 6, the transducer was excited on the downward sloping edge of a square 
pulse (1 kHz pulse repetition frequency), which yielded a broadband (0.8 to 16 MHz at - 
20 dB level) ultrasonic pulse. The subsequent upward sloping edge of the exciting square 
pulse occurred 40 ^is later. The chambers apparent back wall echo occurred less than 5 
^is after the front wall echo, so that effects of the second excitation occurred significantly 
later, and were excluded from acquisition (this was verified by testing separations of 
different lengths; 40 (is was chosen because it was twice the apparent "safe" separation 
distance). A diplexer (model RDX2, Ritec Inc., Warwick, RI) was placed in line between 
the pulser and transducer for impedance matching and to protect the receiver input from 
the high-voltage electronic excitation pulse. A digital delay generator (model DG535, 
Stanford Research Systems, Sunnyvale, CA) with maximum jitter of 50 picoseconds was 
used to trigger the digitizer to start acquiring the waveform after a delay relative to the 
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initial excitation of the transducer; this delay corresponded to the ultrasonic travel time 
for a backscattered echo to be received by the transducer. 

The radio-frequency waveform was sampled at 250 megasamples per second by an 8- 
bit digitizer (Compuscope 2125, Gage Applied Sciences Inc., Montreal, Canada). Five 
RF traces (each 2048 points long) were acquired by averaging 1000 single-shot rf traces 
at each concentration of contrast agent in the chamber. This acquisition rate was selected 
based on the approximate mixing frequency of the paddle (Fig. 2), so that each trace was 
acquired from a different independent spatial distribution of the scatterers. A PC (2.3 
GHz Pentium 4) was used to control acquisition and to store data to disk. 

A reference trace was acquired in the same fashion as for the sample traces, using a 
specimen chamber filled only with Isoton, to correct for reflection at the water/chamber 
interfaces. Immediately after each data run, the sample path length was determined 
ultrasonically by measuring the time interval between the through-transmitted signal and 
the signal from the first round-trip reverberation. The thickness determined in this 
manner varied between 0.23 and 0.30 cm for the measurements in this study. 

The specimen chamber used for this series of measurements is shown in the panel 
inset of Figure 2. In all cases the sample chamber was tilted at 10° relative to the 
insonifying transducer to reduce front wall ringdown and was positioned so that its front 
surface was at the focal distance of the transducer. The suspension was mixed 
continuously during the course of each of these measurements by a thin plastic rod 
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connected to a pressure sealed handle. The chamber has four ports on its top, which may 
be sealed or connected via flexible plastic tubing to various fixtures for measurement and 
control of ambient pressure. These fixtures permitted ambient pressure to be maintained 
at constant levels ranging between -50 to 200 mm Hg during acoustic data acquisition. 

Measurements of the attenuation coefficient were also performed by insonifying the 
suspensions with the waveform shown in Figure 5, which is composed of two high-power 
unipolar pulses preceded by 5 cycles of a 1 MHz sine wave of the same amplitude, 
emitted at a high repetition frequency (5 kHz). This waveform was chosen using two 
criteria. The first part matches closely the transmitted waveform of a medical imaging 
system in pulsed Doppler mode. The second part was chosen for the reasons described 
above: unipolar pulses are typically broader band than bipolar waveforms and hence have 
a greater chance of detecting microbubble-like features in the resulting backscatter or 
attenuation curves. 

C. Backscatter measurements 

The electronics used to perform backscatter measurements are shown in Figure 3. 
The transducer shown in the ; figure is a large diameter (2.54 cm dia.), highly focused 
(5.05 cm F.L., 5.0 MHz C.F.) PZT transducer; these parameters were chosen to obtain 
increased sensitivity within the focal zone and to reduce sensitivity to ringdown from 
front and back chamber walls. The driving electronics employ a commercial 
pulser/receiver (Panametrics 5800). The computer controller, digitizer and delay 
generator are the same as in Figure 2 and were used the same way. 
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During the course of measurements, 70 mL of either whole porcine blood (Hct 40%, 
with 5% sodium citrate solution added to prevent clotting) or plasma was added to the 
chamber and thoroughly mixed. The liquid was then allowed to sit unstirred and the 
backscatter signal from the mixture monitored until a stable equilibrium was reached. 
Observation of the rf signal during this time indicates the presence of many large and 
transient scatterers in the focal zone (perhaps spurious bubbles produced by mixing). 
These gradually disappear as the rate of change in signal shape rapidly decreases, until 
after roughly 10 minutes, the backscatter signal is only slowly changing, indicating that 
the blood components have reached a stable scattering configuration. The backscatter 
signal for plasma alone is quiescent except for the presence of electronic noise. Data 
were actually acquired after waiting 60 minutes in order to make sure that scatterers had 
reached a stable configuration. We observed that the backscatter for blood measured in 
this equilibrium state is at least 30dB higher (see Figure 6 and discussion in results 
section) than that measured immediately after introduction of the blood into the specimen 
chamber, which is consistent with, although greater in magnitude than, observations of 
other researchers performing similar investigations [16, 17]. Also, as Figure 6 will show, 
in the equilibrium state the backscatter from all concentrations studied is experimentally 
indistinguishable, indicating that the concentrations of scatterers in the focal zone of the 
transducer are probably the same in each case. This is a reasonable outcome given the 
goal of our study, which was to determine the values delimiting an upper bound on the 
backscatter of nanoparticles that might be observed from the blood pool in vivo and serve 
to define a useful bound on the contrast-to-background ratio that might be obtained in 
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clinical application at various doses. Other studies would be required to determine the 
concentration dependent backscatter and attenuation of nanoparticles in mixed or flowing 
blood or plasma. Observations from our apparatus indicate that precise measurements in 
these flow regimes would be practically impossible. Moreover, the value of such data for 
evaluation of backscatter from targeted surfaces would seem to be extremely limited; 
creation of measurable backscatter from smooth targeted surfaces, at least at frequencies 
above 25 MHz is an established fact[18, 19]. The unknown at this point is determination 
of backscatter from diffuse fractal-like neovascular networks associated with new tumor 
growth[20-23]. Determination of backscatter from these scattering configurations is an 
active area of research in our laboratory and will be described in a future report. 

The same settling phenomenon is observed for nanoparticles mixed into either whole 
blood or plasma. Consequently, all measurements were made 60 minutes after 
introduction of nanoparticles for the reasons discussed above. As the backscatter signals 
are acquired when the fluid-nanoparticle mixture is relatively static, we acquire data by 
scanning the transducer on a 50x20 point grid of points 0.5mm apart to gather 1 000 rf 
waveforms each of which is 8192 points long (equivalent to 16 us) and comprised of 8- 
bit values. This spatial grid was chosen to provide statistically independent backscatter 
traces and was placed as close as possible to the bottom of the chamber, where scatterer 
concentration is expected to be highest, consistent with our goal of measuring the upper 
bounds of attenuation and backscatter that might occur in vivo. These waveforms are 
gated with a 6 us window, Fourier transformed and the electronic response of the system 
is deconvolved from the backscatter data using a reference acquired from a stainless steel 
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plate. The results are then averaged together to compute the average apparent 
backscatter transfer function. 

The specimen chamber used for this series of measurements is shown in the right 
panel of Figure 3. The chamber is comprised of three circular plates clamped together to 
hold two Saran Wrap films to create the sample volume denoted by the region gray in the 
figure. This region is 7.62 cm in diameter and 5.08 cm thick. These dimensions were 
chosen to create a sample volume thick enough to permit acquisition of a 6.0 (as window 
free from measurable ringdown from the front wall membrane. The chamber has a port 
on its top through which plasma, blood and/or emulsion are added. A plug on the bottom 
of the chamber may be removed to drain and wash the chamber. In all cases the sample 
chamber was positioned so that its front surface was 5 mm beyond the focal distance of 
the transducer, this was done so that the first point of the digitized time domain window 
was 8 us after the front wall ringdown. The chamber was also tilted at 10° relative to the 
insonifying transducer to further reduce front wall ringdown, as shown in Figure 3. The 
suspension was mixed using a disposable 5 mL pipette for one minute and then r.f. data 
acquired subsequent to a 60 settling minute period as described above. 

III. Results 

Attenuation measurements have been obtained over a large set of experimental 
parameters: nanoparticle concentration, ambient pressure, ambient temperature, peak 
positive acoustic pressure, exposure time, and using two different waveform shapes. The 



13 



Hughes, JASA 

attenuation measurements were undertaken primarily to investigate the hypothesis that 
liquid-to-gas phase conversion of nanoparticles into microbubbles does not occur at 
detectable levels under in vivo conditions with current clinical imagers. 

Backscatter results have also been made under several different conditions, the most 
important parameters considered for this part of the study were: nanoparticle 
concentration and the type of fluid in which the emulsion was mixed for the 
measurement. These measurements were undertaken to investigate the hypothesis that 
nanoparticle scattering in the blood pool is not measurable under in vivo conditions with 
current clinical imagers. Moreover, we have chosen to report the apparent backscatter, 
i.e., we have specifically chosen not to report backscatter compensated for attenuation. 
This choice was made for three reasons. First, uncompensated or apparent backscatter is 
the basic experimentally measured quantity describing backscatter and is consequently 
accessible to any experimentalist using the same transducer described above. Second, 
diffraction compensation requires choice of a specific field model[24-29]; a choice for 
which there is no universally accepted standard. Thus, the uncompensated data should 
have greater utility as they can be corrected according to one's favorite model using the 
transducer information supplied above. Third, the backscatter values obtained over all 
concentrations studied are essentially the same at the equilibrium described in the 
methods section so that, the attenuation corrected backscatters would be also, thus, 
rendering the correction largely academic. 

The outcome of both backscatter and attenuation results are summarized in tables I A 
and IB. 
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A. Broadband attenuation measurements 

The attenuation coefficient of Optison is plotted as a function of frequency in the top 
row of graphs of Figure 4 for three different ambient pressures: 0, 120 and 200 mm Hg 
(these data were acquired using the unipolar pulser apparatus described in Fig. 1 of [30]). 
The concentration for all of these measurements was 3.3xl0 5 microbubbles/mL, which 
was chosen so that the attenuation would be roughly equal to that produced by 
nanoparticles in the concentrations used for this study. All Optison data were acquired 
under the same conditions as were used to acquire the nanoparticle data also shown in 
Figure 4. The peak height and width and its exact location clearly depend on ambient 
pressure and also exposure time (ranging between 2 to 80 s for the data shown). These 
attenuation coefficient changes are probably the result of: 1) microbubble destruction, 2) 
gas exchange with the surrounding liquid medium (particularly oxygen uptake by the 
perfluoropropane) that results in mean microbubble diameter increase, and 3) changes in 
mean microbubble diameter induced by changes in ambient pressure[30, 31]. These data 
were acquired with an insonifying pressure of 0.65 MPa and the figure clearly shows that 
even at this relatively low acoustic pressure the microbubble-based agent undergoes 
fundamental changes in its composition resulting in dramatically variable acoustic 
behavior. The corresponding data obtained from the PFOB-based nanoparticle contrast 
agent are shown in the second row of Figure 4 (data obtained from a suspension of 
2.5x1 0 12 particles/mL in saline). It is apparent that there is no dependence on either the 
ambient pressure or the exposure time, nor is there any evidence of a peak in the 
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attenuation coefficient. All evidence strongly suggests that ultrasound-induced liquid to 
gas phase conversion does not significantly contribute to the acoustic performance of the 
PFOB emulsion. 

12 

The third and fourth rows of Figure 4 (data obtained from a suspension of 1 .2x10 
particles/mL in saline) summarize results from measurements made with emulsions 
exposed to a higher insonifying acoustic pressure (peak positive and negative pressure 
levels of 3.0 MPa), at ambient temperatures of 37 C and 46 C, respectively. There is no 
dependence of the attenuation coefficient on exposure time or ambient pressure. 

In Figure 5 we show the results obtained using, a preheating pulse (5 cycles of a 1 
MHz sine wave burst with peak pressures of 3 MPa) to further investigate the possibility 
of liquid to gas phase conversion. The shape of this pulse is shown in panel A of Figure 
5. The data in panel B of this figure show the attenuation coefficient of the PFOB based 
emulsion obtained at 37 C. These data exhibit no evidence of the resonant peak typically 
associated with the presence of microbubbles, which for comparison are plotted in panel 
C of the figure. This observation also makes it appear unlikely that liquid to gas phase 
conversion occurs. 
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B. Backscatter measurements 

Figure 6 shows that the acoustic properties of the PFOB-based nanoparticle emulsion 
are nearly optimal for application as a site-targeted contrast enhancer. The top two 
panels compare the attenuation coefficient of whole porcine blood (HCT 40%) with 
attenuation from nanoparticles suspended in porcine plasma. The left top panel compares 
the attenuation from 70 mL of whole porcine blood obtained after adding 0.25, 0.5, and 
1.0 mL of nanoparticle emulsion. These correspond to doses more than 8 times that 
which might be used clinically. In addition, at higher doses, there was noticeable 
precipitation of nanoparticles from the suspension. All measurements were made one 
hour after adding emulsion and mixing because one hour is about the time required for 
the nanoparticle/blood cell scatterers to come to equilibrium. In all cases studied there 
was no statistically significant difference between attenuation of whole blood and 
attenuation of blood with emulsion. This outcome is consistent with the attenuation 
measurement of emulsion in plasma (also post 1-hour mixing) shown in the right top 
panel. 

The bottom two panels of Figure 6 show the corresponding apparent backscatter 
transfer functions (i.e. backscatter not compensated for attenuation or transducer effects). 
The left panel shows backscatter of whole porcine blood plotted along with backscatter 
from 70 mL of whole blood plus 0.25, 0.5 and 1 .0 mL of emulsion (corresponding to 
1.55, 3.10, and 6.19xlO n particles/mL respectively). The left panel again shows that the 
addition of emulsion produces no statistically significant alteration of backscatter relative 
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to that from blood (using the standard errors of each measured point as the basis for 
statistical significance). This is further supported by the data shown in the right bottom 
panel, which shows apparent backscatter (post one hour mixing) of plasma compared to 
plasma plus 0.25, 0.5 and 1.0 mL of emulsion. The backscatter from the plasma is 
different from that of the plasma plus emulsion (thus establishing that the backscatter 
result in whole blood is not the result of insufficient measurement sensitivity), however, 
all curves are more than 30dB below backscatter of whole blood. The plasma only curve 
also indicates the noise floor of our apparatus for backscatter measurements. 

IV. Discussion 

One of the desired goals for a successful, targeted contrast agent is the ability to 
differentiate the targeted pathology from the surrounding tissue. Often, a technical 
dilemma arises with the use of a highly echogenic contrast agent. The choice of high 
echogenicity increases the signal received back from the imaged tissue, but the ability to 
adequately differentiate bound from adjacent circulating unbound contrast agent can be 
difficult since significant concentrations of nonspecifically bound bubbles can be 
anticipated. Several solutions have been proposed. One simple approach includes waiting 
for the freely circulating particles to be cleared from the blood pool. This approach is 
used in targeting with other imaging modalities including nuclear imaging. The 
assumption is that the bound particles have sufficient longevity to survive at the targeted 
site until the circulating particles are gone. The clearance approach has several 
disadvantages including the length of time of the diagnostic imaging procedure, and the 
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difficulty in designing an agent with the conflicting goal of existing long enough to bind 
to the targeted pathology but also exhibiting rapid clearance. 

A second approach has been used with some success in the targeting of microbubbles 
[32-34]. This approach utilizes the fact that microbubbles can be destroyed in a high 
intensity ultrasonic field. After waiting sufficiently long to allow binding, an image is 
obtained of the tissue containing bound and unbound bubbles. The tissue is then exposed 
to a high intensity ultrasonic wave to destroy all microbubbles. After a short time in 
which it is postulated that microbubbles have again entered the imaging plane but not yet 
had time to bind in sufficient quantities, a second image is acquired. By subtracting these 
two images, the bound bubbles can be visualized. Although quite successful in some 
studies, there are some disadvantages to this approach including misregistration of 
images before subtraction, a problem that may be acute in moving organs such as the 
heart or in patients where breathing may move the imaging plane. Another possible 
disadvantage is that this approach allows only one chance to image the targeted contrast 
agent before it is destroyed. 

The nanoparticle contrastagent described in this study attempts to address the 
problem of differentiating bound from unbound agent by utilizing a nanoparticle with 
reduced blood pool echogenicity. The targeted pathology is detectable only after the 
nanoparticles are bound in quantity. The results displayed above show that the 
nanoparticle contrast agent has ultrasonic backscatter that is less than that of circulating 
red blood cells when administered in concentrations typical of in vivo use. The 
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nanoparticles were only detectable when insonified within plasma devoid of red blood 
cells and were shown to exhibit backscatter levels more than 30dB below the scatter from 
backscatter from red blood cells. The weak scatterer hypothesis is supported by the fact 
that low acoustic pressure measurements of nanoparticle emulsion show that the 
backscatter is not measurably different from background (i.e., measurement of 
backscatter from either water or plasma alone). 

A second goal of these measurements was to determine the stability of the 
nanoparticle contrast agent in the presence of a high intensity ultrasonic field. The 
experiment was designed to determine whether the contrast provided by the nanoparticles 
was due to a conversion of the perfluorocarbon from liquid to a gaseous phase or to its 
own intrinsic scattering behavior in the liquid phase. To determine whether this phase 
conversion occurred, the nanoparticles were examined for two characteristics typically 
associated with gas bubbles under ultrasonic insonification. The first characteristic was 
the appearance of non-linear promotion of ultrasonic energy into a scattered harmonic 
frequency. The second characteristic was related to physical changes that might occur as 
a function of exposure time to ultrasound. These changes are related to the destruction of 
microbubbles with increasing ultrasonic intensity and exposure time. To examine the 
possibility of this occurrence, microbubbles (Optison) and nanoparticles were measured 
in a similar experimental setup. 

The data in Figures 4, 5, and 6show that nanoparticle suspension attenuation 
coefficient is not measurably affected by changes in hydrostatic or acoustic pressure. 
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Moreover, the data exhibit no evidence of scattering agent destruction as the duration of 
ultrasound exposure increased. This observation is independent of incident acoustic 
pressure for both low power (0.65 MPa) unipolar pulses and high-power (3.0 MPa) 
unipolar pulses, which is a range of pressures spanning current clinical ultrasound 
application. When the same range of pressures is used to measure the attenuation 
coefficient of Optison, significant changes in attenuation coefficient are observed: the 
microbubble agent attenuation coefficient exhibits a single peak between 1 and 2 MHz, 
and the exact peak location, height and width vary significantly with experimental 
conditions. In contrast, the emulsion does not exhibit these effects. 

Thus, it is unlikely that microbubble formation through perfluorocarbon phase 
conversion contributes in a measurable manner to the acoustic properties of the liquid 
perfluorocarbons nanoparticle contrast agent over the range of experimental parameters 
considered in this study. Such a conversion, if it were to occur, would deplete the 
population of nanoparticles, which would then be destroyed in the same manner observed 
for Optison, leading to a measurable decrease in attenuation coefficient. Furthermore, the 
attenuation coefficient of the nanoparticle emulsion was a linear function of frequency at 
all concentrations and power -levels and showed no evidence of a resonant peak 
characteristic of liquid-to-gas phase conversion. In fact, the linearity of the attenuation 
data is consistent with a combination of absorption and scattering. This implies that the 
absorption cross section dominates the scattering cross-section during wave propagation 
through the emulsion [35] [pg 20 Eqn. 2-32][36][pg 427, Eqn. 8.2.19]. Additionally, the 
attenuation is quite low, which is again consistent with our assumption of weak 
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scattering. The combination of these measurements strongly indicates that there is little to 
no phase conversion to gas of the liquid perfluorocarbon nanoparticles used in this study. 

V. CONCLUSION 

The attenuation coefficient of perfluorocarbon nanoparticles under a wide range of 
experimental conditions is linear, indicating that weak absorption is the primary 
scattering mechanism. No evidence of strong scattering or resonant behavior was 
observed over a range of conditions that certainly encompasses those expected in clinical 
application of ultrasound. 

Moreover, attenuation and backscatter measurements from emulsion in whole blood 
compared to corresponding measurements in plasma indicate that, when suspended in 
whole blood, even relatively high concentrations of the emulsion produce no measurable 
changes in linear acoustic behavior of the blood pool. The resulting data provide upper 
bounds on blood pool acoustic parameters and more precisely define levels of molecular 
contrast enhancement that may be obtained in vivo. Low blood pool backscatter is one 
of the advantages of this agent as relative non-echogenicity in the blood pool allows 
increased contrast-to-noise between the blood pool and the bound, site-targeted agent. 

We have shown that the liquid, perfluorocarbon nanoparticles provide minimal 
contrast when circulating the blood pool under fundamental imaging conditions. The low 
inherent echogenicity of the particles when in suspension is a feature that allows for 
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differentiation of the bound, targeted nanoparticles from those circulating freely in the 
body. The stability of the nanoparticles is far greater than that of microbubbles after 
exposure to high intensity ultrasonic fields. Future studies will measure other properties 
of nanoparticle contrast agents such as optimized detection of the contrast agent when 
bound to a substrate in vivo. 
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Table I 



Property 


Optison 


Liquid-PFOB 
Nanoparticles 


Resonant Peak 


Yes 


No 


Exposure time dependence 


Yes 


No 


Ambient Pressure Dependence 


Yes 


No 


Ambient Temperature Dependence 


Yes 


No 


Insonifying Power Dependence 


Yes 


No 



Table IA. A comparison of the attenuation coefficient properties of the microbubble- 

based agent Optison and liquid perfluorocarbon nanoparticles. The nanoparticles 
attenuation is completely devoid of behavior required for microbubble like 
scattering. 



Property 
(at 60 min. equilibrium) 


Whole Porcine Blood 


Porcine Plasma 


Attenuation 


Same as blood alone 
and 

independent of concentration 


Same as plasma alone 
and 

independent of concentration 


Backscatter 


Same as blood alone 
and 

independent of concentration 


-35 dB less than whole blood alone, 
Up to 1 5 dB greater than that of plasma alone 
and 

independent of concentration 



Table IB . A comparison of the backscatter (not compensated for attenuation) properties 



liquid perfluorocarbon nanoparticles suspended in either whole porcine blood or 
porcine plasma. All comparisons are made at a time 60 minutes post-mixing so 
that upper bounds on measured quantities are obtained. In whole blood the 
nanoparticle backscatter is indistinguishable from that of whole blood alone. In 
plasma the backscatter in roughly 35 dB below that of whole blood . 
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Figure Captions 

Figure 1. A) The architecture of the nanoparticle showing the thin stabilizing lipid layer 
surrounding the perfluorocarbon interior. B) An electron micrograph showing 
nanoparticles attached to fibrin strands surrounding a red blood cell. The nanoparticles 
are spherical as indicated in part A. 

Figure 2. The experimental apparatus used to test the hypothesis that microbubble 
formation might be the basis for in vivo backscatter. Configuration A was used to 
generate pure unipolar pulses using step function excitation of the transducer. 
Configuration B was used instead of A to generate the pulse shown in Figure 5: a 
Doppler-like heating pulse preceding two unipolar pulses. Inset: the specimen chamber 
used for broadband attenuation measurements at different ambient pressures and 
temperatures 

Figure 3. On the right the apparatus used to acquire data for this study. On the left 
specimen chamber used for low concentration measurements of attenuation and 
backscatter of nanoparticle suspensions in either whole porcine blood or plasma. 

Figure 4. First row: effect of ambient pressure (0, 100, and 200 mm Hg, shown in 
separate panels) and exposure time (2, 20, 40, and 80 s, represented as four curves in each 
panel) for microbubble agent Optison, measured at 37 C with insonifying peak acoustic 
pressure of 0.65 MPa. The attenuation coefficient is clearly peaked between 1-2 MHz. 
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Peak height, width and location vary with exposure time, probably due to microbubble 
destruction and gas exchange. Second row: attenuation coefficient for liquid 
nanoparticle emulsion under similar experimental conditions; note complete lack of peak 
in attenuation. Third row: attenuation coefficient of emulsion under similar conditions as 
second row, but with higher peak acoustic pressure level (3.0 MPa). Fourth row: 
attenuation coefficient of emulsion under similar conditions as third row, but maintained 
at elevated ambient temperature of 46 C. All data were acquired using unipolar pulses 
generated by the apparatus shown in Figure 1 A. 

Figure 5. Panel A: the pulse used to simulate effects of clinical imager in Doppler-mode. 
Panel B: the resulting attenuation coefficient for nanoparticle emulsion. Panel C: the 
resulting attenuation coefficient for Optison. There is no evidence of exposure-time 
variation nor is there evidence of a microbubble-like resonant peak in the frequency 
range of the measurement. All data were acquired using unipolar pulses generated by the 
apparatus shown in Figure IB. 

Figure 6. Top Panel- a comparison of attenuation coefficients of PFOB based 
nanoparticles obtained in plasriia (right side) and in whole blood (left side). Bottom 
Panel- a comparison of apparent backscatter coefficients obtained in plasma (right side) 
and in whole blood (left side). All data were acquired using unipolar pulses generated by 
the apparatus shown in Figure 1 A. OdB corresponds to the echo intensity of the flat 
reflector 
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